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Acidic Mesoporous Silica for the Catalytic Conversion of Fatty Acids in Beef
Tallow
Isa K. Mbaraka, Kyle J. McGuire, and Brent H. Shanks*
Department of Chemical and Biological Engineering, Iowa State UniVersity, Ames, Iowa 50011
Propylsulfonic acid-functionalized mesoporous silica materials were synthesized using a co-condensation
technique. The catalytic performance of the resulting acidic mesoporous materials was evaluated in the methanol
esterification of free fatty acids in beef tallow as a pretreatment step for alkyl ester production. The multicycle
stability of the acid-functionalized mesoporous silica catalysts was studied. Issues concerning impurities in
the feedstocks as well as a means of improving performance of the acidic solid catalyst through alternative
strategies are discussed. Introduction of a hydrophobic group into the organosulfonic acid-functionalized
mesoporous silica catalyst significantly enhanced the catalytic performance of the catalyst. The catalytic activity
of the synthesized catalysts was compared to commercially available homogeneous and heterogeneous acidic
catalysts.
Introduction
Alkyl esters from the transesterification of vegetable oils with
short-chain alcohols in the presence of an alkaline catalyst to
form alkyl esters have application as intermediates for value-
added chemicals as well as alternative transportation fuel
(biodiesel).1-6 However, alkyl ester production has been limited
due to the inability to compete economically because of high
raw material and production costs. To improve the economic
outlook of alkyl esters, the selection of raw materials, reaction
conditions, and the use of efficient catalysts become critical.
The availability of oil and fat feeds such as beef tallow and
yellow grease provide alternative less expensive feedstocks than
vegetable oils.7-10 Unfortunately, these oil feeds have high free
fatty acid (FFA) content, which is not compatible with the
homogeneous catalyst used in the transesterification reaction
since the FFAs are saponified by the alkali catalyst causing
catalyst depletion through formation of soap. The soap formation
also creates subsequent difficulties in product separation.
For these feedstocks to be processed in standard transesteri-
fication process technology, the FFA content needs to be
lowered to no more than 0.5 wt %.11 This reduction can be
achieved by first esterifying the FFA in the presence of an acidic
catalyst. Such a pretreatment process has been successfully
demonstrated using sulfuric acid; however, the use of a
homogeneous catalyst adds a neutralization step as well as
separation steps to the overall alkyl ester process.12 Conse-
quently, it would be desirable to use a heterogeneous acidic
catalyst to esterify the FFAs, thereby simplifying the pretreat-
ment process.
Inorganic mesoporous silica materials are of interest in
catalysis applications due to their combination of large surface
area, flexible pore sizes, and the ability of controlling the
catalytic functionalities at the molecular level.13-16 The physical
and chemical properties of these mesostructured materials can
be modified by incorporating organic groups, either by grafting
on the preformed mesopore surface or by one-step co-condensa-
tion during synthesis.17-20 Several studies have shown that
incorporation of alkylsulfonic acid groups onto the mesoporous
silicas framework generate acidic solid catalysts that can catalyze
esterification reactions.20-24 We recently demonstrated the
application of organosulfonic acid-functionalized mesoporous
silicas in the esterification of a model feed containing palmitic
acid in refined soybean oil.25 The acidic mesoporous catalysts
exhibited good catalytic performance in the methanol esterifi-
cation of palmitic acid.
While the amount of palmitic acid used in the model feed
was similar in quantity to the FFA level found in beef tallow
or yellow grease, the fatty acid distribution in animal fats and
other impurities could affect the catalytic performance of the
solid acid catalyst. Animal fats typically have a high concentra-
tion of saturated fatty acids (e.g. palmitic and stearic acids) and
low concentration of polyunsaturated fatty acids (e.g. linoleic
and linolenic acids) as compared to vegetable oils, which is
expected to have minimal effect on the performance of the acid
solid catalyst. However, impurities in these high-FFA feedstocks
might adversely affect the performance of the catalyst system.
For example, beef tallow contains low levels of nitrogenous
materials (e.g. proteinaceous matter and phosphatides). There-
fore, the use of acid-functionalized mesoporous silica for the
catalytic esterification of FFAs ultimately needs to be validated
using real beef tallow.
Herein, we report the catalytic performance of propylsulfonic
acid-functionalized mesoporous silica catalysts in the esterifi-
cation of FFAs in beef tallow. The results for the catalytic
performance of the acid-functionalized mesoporous silicas are
also compared to those from commercial acidic catalysts.
Experimental Section
Materials. Flotation-grade beef tallow (Tyson Foods Inc.,
Lincoln, NE) with approximately a 7 wt % FFA concentration,
as measured according to the AOCS method Ca 3a-63, was used
in this study. Anhydrous methanol (MeOH) was obtained from
Fisher Scientific Inc. Activated charcoal (Acros) and TriSyl 300
(Grace Davison Co., USA), an activated silica, were used in
some experiments as a pretreatment of the flotation beef tallow.
Propylsulfonic acid-functionalized mesoporous silica (SBA-15-
SO3H) was synthesized according to the procedure described
previously.25 Tetraethoxysilane (TEOS; 98%, Aldrich) and (3-
mercaptopropyl)trimethoxysilane (MPTMS; 85%, Acros) were
used as purchased for synthesizing the organic-inorganic hybrid
materials. The MPTMS was oxidized in situ with H2O2 during
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co-condensation synthesis to convert the thiol species into
propylsulfonic acid moieties. The hydrophobicity of the acidic
catalyst was modified by incorporating propyltrimethoxysilane
(PrTMS) (98%, Aldrich) into the pores of the mesoporous silica
using the co-condensation approach as described previously.26
The mesoporous silica material modified with both hydrophobic
and acidic groups was denoted SBA-15-SO3H-Pr. Pluronic P123
(BASF, Co., USA), a triblock copolymer of poly(ethylene
oxide)-polypropylene oxide-poly(ethylene oxide) with a mo-
lecular structure of PEO20-PPO70-PEO20, was used as a
template to tailor the textural properties of the mesoporous silica
material. Following formation of the silica materials, the
template was extracted from the mesopores by refluxing in
boiling ethanol for 24 h.
Catalyst Characterization. The textural properties of the
acid-modified mesoporous material were determined by nitrogen
adsorption-desorption isotherms measured at -196 °C with a
Micromeritics ASAP 2020 system. The surface area and pore
size distribution were calculated by the BET and BJH methods,
respectively. Prior to taking measurements, all samples were
degassed at 100 °C for 5 h. The ion-exchange capacities of the
propylsulfonic acid-functionalized mesoporous silica materials
were determined using an acid-base titration technique. The
organic content of the synthesized materials was determined
by elemental analysis performed on a Perkin-Elmer Series II
2400 CHNS analyzer. The organic group incorporated on the
organic-inorganic hybrid mesoporous silica was characterized
using thermogravimetric analysis (TGA) and differential ther-
moanalysis (DTA) performed on a Perkin-Elmer TGA7, with
heating from 50 to 600 °C at a rate of 10 °C/min under air-
flow.
Catalytic Testing. The catalytic activity of the synthesized
propylsulfonic acid-functionalized mesoporous silica catalyst
was tested in the methanol esterification of FFA present in
flotation beef tallow. The reaction system was operated under
conditions similar to those described previously.25,26 The es-
terification reactions were performed under nitrogen in a 100
mL high-pressure stainless steel batch reactor (Eze-Seal, Au-
toclave Engineers Co., USA) fitted with a mechanical stirrer
and a sample outlet. The reaction mixture was maintained at a
constant temperature with the aid of a heating mantle and an
integrated water-cooling system. The flotation beef tallow was
charged into the reaction vessel with methanol at a ratio of 1:20
(w/w) FFA:MeOH. The reaction conditions used included a
catalyst loading equivalent to 10 wt % FFA, a reaction temper-
ature of 120 °C, and a mixing rate of 350 rpm. A 10 wt %
catalyst loading relative to the FFA was used since this loading
is consistent with previously published studies, allowing for a
comparison of results. With the 1 ím catalyst particles used in
the study and this mixing rate and temperature, the reaction
was found to have insignificant external mass-transfer resistance.
Previous work with methanol esterification of palmitic acid
attained high conversions (>90%) within 2 h when the reaction
was performed at 120 °C using organosulfonic acid-function-
alized mesoporous catalysts, so this temperature was selected
for the current study. Samples were drawn at preset time
intervals, and their acid values were determined using the AOCS
method Cd 3a-63. The catalytic performance of the synthesized
mesoporous catalyst was compared to sulfuric acid (Fisher
Scientific) and Nafion NR50 (SA ) 0.02 m2/g, H+ capacity )
0.8 mequiv/g, Alfa Aesar Co., USA) catalysts, respectively. A
catalyst loading equivalent to 10 wt % FFA was used for all
the reaction studies.
Beef Tallow Pretreatment. To understand the effect of
impurities present in beef tallow on the performance of the
propylsulfonic acid-functionalized mesoporous silica catalysts,
the flotation beef tallow was pretreated with two types of
purification materials, either activated charcoal or activated
silica, prior to the esterification reaction. For activated charcoal,
an amount equivalent to 20 wt % beef tallow was charged into
the oil and heated to 80 °C for 1 h under continuous stirring.
Prior to the pretreatment step, the activated charcoal was
evacuated at 200 °C overnight. The pretreated oil was filtered
using Whatman filter paper No. 41. Alternatively, the flotation
beef tallow was pretreated with activated silica (TriSyl 300
powder).27 In the pretreatment procedure, TriSyl 300 silica
powder and water equivalent to 0.3 and 0.5 wt % beef tallow,
respectively, were added to the oil and heated to 80 °C for 30
min while mixing vigorously. The oil was filtered using
Whatman filter paper No. 41 and then subsequently dried at 95
°C in a vacuum oven for 2 h.
Results and Discussion
Characterization of the Acid-Modified Mesoporous Silica
Catalyst. The textural properties of the functionalized meso-
porous silicas are summarized in Table 1. The BET surface areas
were consistent with reported surface areas of organosulfonic
acid-functionalized mesoporous materials synthesized using
nonionic surfactants as templates.28 In our previous study, we
demonstrated that the performance of the organosulfonic acid-
functionalized mesoporous silica catalyst in the methanol
esterification reaction of palmitic acid/soybean oil mixture was
dependent on the median pore diameter (MPD) size when the
MPD was less than 3.5 nm.25 Pluronic P123, which Zhao et
al.29 have shown to generate relatively large mesopores, was
used in the synthesis of the acid-functionalized mesoporous silica
with the intention to make catalysts with sufficient pore
diameters to minimize pore diffusion effects. As seen in the
table, the MPDs of the synthesized organic-inorganic hybrid
material were in the range reported previously for mesoporous
silica synthesized with Pluronic P123.26,29 Co-condensation of
hydrophobic and acid functional groups onto the pore walls of
the silica matrix seemed to have insignificant effect on the BET
surface area, pore volume, or MPD of the final material.
Shown in Figure 1 is the nitrogen adsorption-desorption
isotherm of the synthesized propylsulfonic acid-functionalized
mesoporous (SBA-15-SO3H) catalyst. The isotherm shows the
typical adsorption-desorption hysteresis loop for mesoporous
materials synthesized with a nonionic surfactant.29,30 The pore-
size distribution for the synthesized organic-inorganic hybrid
mesoporous material was calculated using the BJH method on
the adsorption branch of the nitrogen adsorption-desorption
isotherm and is shown in the Figure 1 insert. The expected
Table 1. Textural and Chemical Properties of the Propylsulfonic Acid-Functionalized Mesoporous Silica Catalyst before and after the FFA
Esterification Reaction in Flotation Beef Tallow
textural propertie s chemical properties
sample catalyst status SBET (m2/g) MPD (Å) Vp (cm3/g) C/S (mol/mol) S (mmol/g) H+ (mequiv/g)
SBA-15-SO3H fresh 780 51 0.98 5.35 0.96 1.00
SBA-15-SO3H spent 500 57 0.72 11.21 0.86 0.67
SBA-15-SO3H-Pr fresh 920 48 1.02 9.10 0.89 0.91
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unimodal pore-size distribution of SBA-15-SO3H can be clearly
seen. Similar physical characteristics were observed for both
the monofunctionalized and bifunctionalized materials synthe-
sized for the study.
The sulfur content and the relative carbon/sulfur molar ratio
of the synthesized mesoporous catalysts, as determined by
elemental analysis, are summarized in Table 1. The C/S molar
ratio was greater than that expected for propylsulfonic acid (C/S
) 3), indicting the presence of extra carbon from either
unhydrolyzed precursor groups, chemisorbed ethanol, or residual
surfactant.26 The sulfur mass balance performed on the synthesis
solution to the dry solid (0.92 S mmol/g dry sample) was in
good agreement with the sulfur content determined by the
elemental analysis, signifying high incorporation of the pro-
pylsulfonic acid precursor onto the silica matrix. The similarity
of the sulfur composition between the mono- and bifunction-
alized mesoporous silica implied that introduction of the second
organic group had insignificant effect on the resulting sulfur
content of the catalysts. The C/S molar ratio of the SBA-15-
SO3H-Pr was higher than that of SBA-15-SO3H as expected
given that the incorporation of the propyl group in the
bifunctionalized mesostructured material would increase the
carbon content by 2-fold for the unity propyl/propylthiol
precursor molar ratio used. The ion capacity of the acid-modified
mesoporous silica materials as determined by acid-base titration
method is also given in Table 1. The number of sulfonic acid
groups as determined by titration in both the mono- and
bifunctionalized mesoporous silica materials was consistent with
the sulfur content as determined by elemental analysis. This
agreement suggests that all of the tethered thiol groups were
oxidized to generate propylsulfonic acid moieties on the
mesoporous silica surface. The hydrophobic group addition to
the synthesis of the propylsulfonic acid-functionalized meso-
porous silica material had no effect on the number of acidic
sites on the resulting catalytic material.
The thermal decomposition of the propylsulfonic acid-
modified mesoporous silica catalyst is shown in Figure 2. The
TGA and DTA analysis of SBA-15-SO3H show weight losses
centered at 80 and 460 °C. These weight losses were assigned
to water desorption and decomposition of the organosulfonic
acid group as reported previously.23,31,32 The thermal decom-
position of SBA-15-SO3H-Pr sample showed weight losses at
temperatures similar to that of the monofunctionalized meso-
porous silica, implying that both the propyl and propylsulfonic
acid groups decomposed at approximately the same temperature.
Decomposition of the propylthiol group, which Diaz et al.23 has
reported to occur around 350 °C, was not observed on either
the mono- or bifunctionalized mesoporous silica catalysts,
further confirming the elemental analysis and titration results
that the thiol precursor was fully converted to propylsulfonic
acid moieties.
Esterification of Untreated Beef Tallow. The objective of
the esterification reaction was to lower the FFA content in
flotation beef tallow to no more than 0.5 wt % so as to facilitate
the transesterification of the remaining triglycerides without
depletion of alkali catalyst through the saponification reaction.
Figure 1. Nitrogen adsorption-desorption isotherms of the propylsulfonic acid-functionalized mesoporous silica (SBA-15-SO3H) catalyst before and after
the FFA esterification reaction. (b, fresh catalyst; 2, spent catalyst)
Figure 2. TGA and DTA curves for fresh and recycled SBA-15-SO3H catalysts (], fresh catalyst; 4, spent catalyst).
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Besides validating the FFA esterification activity in flotation
beef tallow, the evaluation of the acidic mesoporous catalyst
stability to multiple batch reaction cycles is important to
determine the extended activity of the solid catalysts. Prior to
conducting tests with flotation beef tallow, the stability of the
propylsulfonic acid-functionalized mesoporous catalyst was
determined in methanol esterification using model feed, which
was composed of 15 wt % palmitic acid and 85 wt % refined
soybean oil, under the reaction conditions described previ-
ously.25,26 The reused catalyst performance in the esterification
of palmitic acid was consistent with that of the fresh catalyst,
which demonstrated that acid-functionalized mesoporous catalyst
could catalyze multiple model feed cycles without significant
catalytic performance loss.
Shown in Figure 3 are the results for reaction studies
performed at 120 °C with a methanol to FFA ratio of 20:1 by
weight. The figure gives the weight percentage FFA conversion
in the flotation beef tallow as a function of reaction time. Since
this study is an extension of our previous work on the application
of organosulfonic acid-functionalized mesoporous silica to
palmitic acid esterification in a soybean oil mixture, the reaction
parameters, such as reaction temperature, reaction time, and
stirring rate, were determined according to the conclusions of
those studies.25,26 As shown in the figure, both the propylsulfonic
acid-functionalized mesoporous catalyst and Nafion NR50 gave
high FFA conversion performance in the flotation beef tallow,
achieving conversions of 94 and 96 wt % within 60 min,
respectively. The catalytic activity of SBA-15-SO3H was higher
than that of Nafion NR50, as seen after 30 min, attaining a FFA
conversion of 93 versus 87 wt %. The higher catalytic activity
of the propylsulfonic acid-functionalized mesoporous material
was likely due to better acidic site accessibility on the large
internal surface area of the mesoporous material, given that the
number of sulfonic acid groups in the reactor with the organic-
inorganic hybrid catalyst was comparable to that with Nafion
NR50. Unlike the silica material, which has a rigid mesostruc-
ture, the accessibility to the acidic sites in the Nafion NR50
catalyst, which has low surface area (SA ) 0.02 m2/g), greatly
depends on the swelling of the polymer matrix.33 Sulfuric acid
was more active than either solid catalyst attaining a FFA
conversion of 96 wt % after 30 min (result not shown), which
was consistent with results reported in previous studies where
loadings as low as 5 wt % were reported to be sufficient to
esterify the FFA completely.25,34
Contrary to sulfuric acid, the acidic mesoporous silica and
Nafion NR50 are solid catalysts that can easily be recovered
from the reaction mixture by filtration technique. The recovered
catalysts were first rinsed with ethanol and then air-dried before
being reused in the FFA esterification in flotation beef tallow.
The catalytic performance of the recycled catalysts is shown in
Figure 3, where the catalysts were recycled twice. In the second
cycle, Nafion NR50 showed a higher performance than SBA-
15-SO3H, attaining FFA conversions of 94 and 68% after 2 h,
respectively. The SBA-15-SO3H exhibited a robust initial
catalytic activity in the second cycle, attaining a conversion of
60 wt % after 30 min, but a low overall catalytic performance
as seen in the figure. The acid-modified mesoporous material
and Nafion NR50 resin lost about 30 and 15% of its catalytic
activity after the first cycle, respectively. The loss of catalytic
activity was more significant in the third cycle, where the
synthesized acidic mesoporous catalyst and Nafion NR50 lost
two-thirds and half of their catalytic performance, respectively.
The loss of catalytic activity was indiscriminate to the catalyst
type, although the adverse effect was more significant for
mesoporous silica catalyst than Nafion NR50. One possibility
for the reduced catalytic performance of the recycled catalyst
was condensation of beef tallow in the mesopores, which could
have resulted in poor acidic site accessibility. However, after
refluxing the synthesized acid-modified mesoporous silica in
ethanol for 24 h to extract condensed beef tallow in the
mesopores, there was no improvement in the esterification
reaction. This observation suggested that the loss of activity
was due to either leaching of the sulfonic acid groups or
blocking of the acidic sites.
To investigate the cause of the poor performance of the
recycled silica catalyst in the esterification of FFA, chemical
and textural properties of the spent SBA-15-SO3H catalyst were
determined after refluxing in ethanol and are summarized in
Table 1. The relative C/S molar ratio doubled, whereas the sulfur
content decreased by 10%, which demonstrated that there was
accumulation of carbon on the mesoporous silica material. The
accumulation of carbon in the catalyst affected the sulfur
composition of the spent propylsulfonic acid-functionalized
mesoporous silica catalyst since the elemental analysis deter-
mines the organic composition of a material based on the relative
weight percentage. As a result, the decrease of sulfur concentra-
tion in the spent catalyst could imply that there was a significant
increase in carbonaceous material rather than a leaching of
sulfonic acid moieties. This supposition was corroborated by
determination of the number of sulfonic acid groups as shown
in Table 1. The ion capacity of the sulfonic acid groups of the
spent catalyst dropped by 33%, even though sulfur concentration
decreased by only 10%, which implied that some of the acidic
sites were inaccessible, thus substantiating the accumulation of
organic matter on the catalyst.
Thermal decomposition of organic materials on the spent
catalyst was analyzed using TGA and DTA, and the results are
shown Figure 2. As seen in the figure, the spent acidic
mesoporous catalyst showed three peaks centered at 80, 300,
and 460 °C. The first and third peaks were similar to that of a
fresh catalyst, signifying the presence of physisorbed water and
decomposition of propylsulfonic acid moieties, respectively. The
peak centered at 300 °C, which was also observed when beef
tallow was decomposed (not shown), was assigned to the
decomposition of carbonaceous material associated with beef
tallow that was deposited on the synthesized mesoporous
catalyst. The accumulation of carbon inside the spent catalyst
pores was confirmed by nitrogen adsorption-desorption analysis
Figure 3. Results for the FFA esterification reaction in flotation beef tallow
catalyzed by SBA-15-SO3H (solid lines) and Nafion NR50 (dashed lines)
(120 °C; FFA:MeOH ) 1:20; catalyst condition, ([) first, (9) second, and
(2) third cycles).
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as shown in Figure 1. The adsorption-desorption isotherm of
the spent catalyst had a profile similar to that of fresh catalyst
except that less nitrogen was adsorbed. It is also clear from
this result that the mesostructure of the propylsulfonic acid-
functionalized mesoporous catalyst was not compromised during
the reaction. However, the accumulation of carbonaceous
material associated with beef tallow inside the mesopores
appeared to lead to pore blockage as seen in the pore-size
distribution graph (Figure 1 insert) as well as the decrease in
surface area of the spent catalyst (Table 1).
The accumulation of carbon inside the mesopores was the
only factor that correlated with loss in activity of acidic catalyst
upon multiple esterification cycles with the flotation beef tallow.
In contrast, no loss of catalytic performance with the propyl-
sulfonic acid-functionalized catalyst was observed during
multiple esterification cycles with the palmitic acid in soybean
oil model feed. Therefore, the deteriorating performance of the
solid acid catalyst in the esterification reaction would suggest
that impurities in flotation beef tallow were blocking the acidic
sites.
Esterification of Purified Beef Tallow. The flotation beef
tallow had a dark brown color and pungent odor, which indicated
that the oil had impurities not present in purified tallow.35 These
impurities might interact with the acidic sites of the catalyst
rendering them inactive for further catalytic activities. An
approach to understanding the effect of the feedstock impurities
in the FFA esterification reaction was to investigate the catalytic
performance of the acidic mesoporous catalyst in purified beef
tallow. Beef tallow impurities can be extracted using adsorbents
such as activated charcoal or clay, which are commonly used
in industry to extract impurities from natural oils. In this study,
activated charcoal and TriSyl 300 activated silica were utilized
to purify the flotation beef tallow prior to the esterification
reaction. After filtration of activated charcoal adsorbent from
the beef tallow, the purified beef tallow had a light yellow color
and was almost odorless, indicating that the charcoal was
effective in removing color and odor compounds. Similarly, the
beef tallow purified with the activated silica was also yellow,
but maintained a mild odor. The FFA content in both activated
charcoal and silica treated beef tallow was found to be
approximately 7 wt %, so neither purification method had a
significant effect on the beef tallow’s FFA content.
To probe the effect of the purification step on the catalytic
performance of the acidic solid catalyst, SBA-15-SO3H was used
to esterify the refined beef tallow. Shown in Figure 4 is the
esterification performance of SBA-15-SO3H catalyst in flotation
beef tallow that was purified with either (a) activated charcoal
or (b) activated silica. As can be seen in the figure, the
purification of flotation beef tallow had significant impact on
the performance of the solid acid catalyst. In the first cycle, the
acid-functionalized mesoporous silica material showed typical
performance for both the activated charcoal and silica pretreated
flotation beef tallow samples attaining conversions of 86 and
91 wt % after 2 h, respectively. However, the catalytic
performance of the reused SBA-15-SO3H depended on the
adsorbent used in the pretreatment step. For beef tallow purified
with activated silica, the reused SBA-15-SO3H catalyst gave
better performance, attaining FFA conversions similar to that
of fresh catalyst with the FFA reduced by 91 and 88 wt % in
the second and third cycles, respectively. In contrast, the reused
solid catalyst showed relatively lower performance for beef
tallow purified with activated charcoal, although the final
conversion of 76 wt % was a modest improvement compared
to that of unpurified oil. These results suggested that the
activated silica, unlike activated charcoal, largely removed
impurities that inhibited the catalytic performance of the acid-
functionalized mesoporous catalyst. Since the impurities that
inhibited the catalytic performance of the acidic catalyst were
extracted with activated silica rather than the nonpolar activated
charcoal, the results would suggest that the deactivating impuri-
ties in the beef tallow were polar compounds. The importance
of polar compounds in deactivating the mesoporous catalyst was
consistent with the Nafion NR50 having somewhat lower
deactivation with the unpurified beef tallow, since the presence
of a large number of silanol groups within the pores means the
surface of the functionalized silica material would be more polar.
Modification of the Acid-Functionalized Mesoporous
Silica Catalyst. Since the polarity of the catalyst appears to
influence the deactivation of the solid acid catalysts, a second
set of organic-inorganic hybrid mesoporous catalysts was
synthesized in which hydrophobic groups (e.g. alkyl groups)
and propylsulfonic acid groups were simultaneously incorpo-
rated. The hydrophobic groups in the bifunctionalized meso-
porous silica catalyst would decrease the polarity of the pores,
thereby diminishing the interaction of the polar impurities with
the sulfonic acid groups. To accomplish this goal, the hydro-
phobic groups must be tethered adjacent to the sulfonic acid
groups, which are located inside the mesopores. It was recently
reported that mesoporous silica materials synthesized via co-
condensation technique would incorporate the bifunctional
groups inside the mesoporous channels.26 As a result, the same
synthesis technique was used to integrate both propylsulfonic
acid and propyl groups into the silica mesostructure. The textural
and chemical properties of the bifunctionalized mesoporous
silica material were described previously.
The catalytic performance of the bifunctionalized mesoporous
silica catalyst was determined for FFA esterification in either
unpurified or purified beef tallow, and the results are shown in
Figure 5. In this study, the activated silica was used to purify
the beef tallow. As seen in the figure, the performance of the
recycled bifunctionalized mesoporous catalyst improved sig-
nificantly for both the purified and unpurified flotation beef
tallow feeds. The SBA-15-SO3H-Pr catalyst attained FFA
conversions of 92 and 84 wt % in untreated beef tallow in the
first and second cycles as shown in Figure 5. The performance
of the reused SBA-15-SO3H-Pr in FFA esterification in unpu-
rified beef tallow was superior to that of SBA-15-SO3H when
reused in beef tallow purified with activated charcoal. It is clear
from this result that the introduction of the hydrophobic groups
Figure 4. Reaction results for FFA esterification in flotation beef tallow
purified with activated charcoal (solid lines) and activated silica (dash lines)
(120 °C; catalyst ) SBA-15-SO3H; FFA:MeOH ) 1:20; catalyst condition,
([) first, (9) second, and (2) third cycles).
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into the acidic mesoporous catalyst inhibited the poisoning of
the acidic sites. Additionally, there was an insignificant drop
in the performance of SBA-15-SO3H-Pr in the esterification of
FFA in beef tallow purified with activated silica, with FFA
conversions reaching 92 and 91 wt % in the first and second
cycles, respectively. More importantly, the initial activity of the
reused catalyst was comparable to that of fresh catalyst. The
results demonstrated that the introduction of hydrophobic groups
made the propylsulfonic acid-functionalized silica more robust
by inhibiting the interaction of the polar impurities with the
active sites.
Conclusions
Propylsulfonic acid-functionalized mesoporous silica catalyst
demonstrated high catalytic activity in the methanol esterification
of FFA in flotation beef tallow. The acid-functionalized meso-
porous silica showed a superior initial catalytic activity relative
to a Nafion NR50 catalyst. However, the performance of the
recycled acidic mesoporous catalyst was negatively affected by
the presence of polar impurities in the beef tallow. The
performance of the acid-functionalized catalyst was significantly
improved when the flotation beef tallow was pretreated with
activated silica prior to the esterification reaction. The acidic
mesoporous catalyst when synthesized with a hydrophobic group
showed enhanced catalytic performance for FFA esterification
in the untreated flotation beef tallow.
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